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Abstract
We present a systematic study of photoinduced eﬀect illuminating the undoped and BZO-doped YBCO thin films
with laser diode (1.88 eV). The pulsed laser deposited films were post-annealed in partial oxygen pressure in order to
decrease the oxygen content and therefore understand the role of structural changes, oxygen ordering and hole doping
in photoconductivity phenomenon. The resistivities were measured in the thermally activated flux-flow regime with
wide applied magnetic field range. We find that as in undoped and optimally oxygenated YBCO films, the structural
defects and dislocations formed by conventional BZO-doping does not contribute to photoinduced enhancement of
superconductivity. On the contrary, in our oxygen-deficient films, the eﬀect of photoexcitation is strongly dependent on
the oxygen ordering and thereby free-carrier concentration and their mobility in the CuO2 double layers, which again has
strong external magnetic field dependence. The magnetic field dependence of the increased superconducting transition
shows that the illumination improves the pinning properties in high magnetic field range, indicating the existence of
photosensitive pinning centers.
c© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and Peter Kes.
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1. Introduction
Photoinduced superconductivity has been extensively studied in high-temperature superconductors (HTS)
but the relevant mechanism is not yet completely understood. In HTS where a metal-insulator transition oc-
curs, the considerable attention has been focused on photoexcitation to vary the concentration of charge
carriers [1, 2]. This photodoping has been observed to induce superconductivity in layered cuprates and to
modify not only their superconducting but also normal-state properties [1]. At present, the potential appli-
cations in superconducting electronics have also increased the interests to understand the phenomenon in
these materials. In copper oxides e.g. YBa2Cu3O6+x (YBCO), the wide range of experiments like resistiv-
ity, magnetization, mobility as well as optical and structural studies were done in order to understand the
mechanisms behind the photoinduced eﬀects. The illumination is found not only to decrease the electri-
cal resistivity but also simultaneously increase critical temperature Tc as much as 5 K with the transition
width remaining unchanged [1]. These eﬀects have been observed to depend on the illumination dose
and persist over a long time at low temperatures below 100 K and after switching oﬀ the light relax with
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Sample A B C BZO
YBCO c-axis (nm) 1.165 1.169 1.170 1.168
(005)FWHM (◦) 0.285 0.306 0.273 0.278
I(005)/I(004) 13.20 21.75 21.99 13.23
Rocking curve
YBCO(005) FWHM (◦) 0.217 0.244 0.195 0.208
rc (nm) 19.56 17.45 21.83 20.46
BZO(002) FWHM (◦) 0.286
rc (nm) 13.19
Table 1. Structural properties measured by XRD.
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Fig. 1. Ac magnetization as function of temperature for
post-annealed and BZO-doped (inset) YBCO films.
streched-exponential decay at room temperature [2, 3]. Also persistent photoinduced changes in intrinsic
and extrinsic magnetic properties like Tc, FC magnetization and width of the diamagnetic hysteresis loop
have been observed [2, 4]. In addition, the photoirradiation eﬀect is shown to aﬀect the structural proper-
ties by locally controlling the oxygen redistribution in YBCO films [5] and by decreasing the c-axis lattice
parameter calculated from the x-ray diﬀraction (XRD) patterns [6] and therefore the oxygen content and its
distribution have been in a key role in the explanations of these mechanisms.
Several possible mechanisms have been proposed to explain the persistent photoconductivity and pho-
toinduced magnetization and these are strongly correlated to the oxygen stoichiometry in CuO chains and
CuO2 planes. In photoassisted charge transfer model [2], an absorbed photon of light generates electron-
hole pairs in the CuO2 planes. Subsequently, the photogenerated electrons are transferred to the CuO chains
and trapped at a chain defect, apparently an oxygen vacancy. The trapped electrons prevent the recombina-
tion of the hole with the electron, resulting in the transfer of a hole to the CuO2 planes where it contributes
to the photoconductivity. In an other, photoassisted oxygen ordering model [7], the photons should be able
not only to excite electron-hole pairs, but induce movements of the oxygen ions from basal plane to CuO
chains. The increased length of the CuO chains results in an increase of the hole concentration within the
CuO2 planes, which further enhances the superconductivity [8]. In addition, an oxygen vacancy defect
mechanism has been proposed [9] to explain the enhancement of persistent photoconductivity in oxygen
deficient YBCO films. In this model, the photoexcited electrons, that are trapped by oxygen vacancies in the
CuO chains, act under illumination as weakly luminescent F-centers [10]. However, it is good to notice that
none of these models can unambiquously explain all the experimental observations, but it can be summa-
rized that all assumptions indicate that the photodoping process in YBCO is not purely electronic process
being also connected with structural changes and defects in the material.
In this work, we investigate the eﬀect of illumination on superconducting undoped and BZO-doped
YBCO thin films in order to understand the role of structural changes aﬀecting the oxygen stoichiometry in
comprehensive persistent photoinduced magnetization phenomenon.
2. Experimental details
The c-axis oriented as-grown films (A) were prepared by pulsed laser deposition (PLD) on SrTiO3
(STO) (001) substrates from an undoped and 4wt.% BZO-doped YBCO targets sintered from a citrate-gel
method based nanocrystalline powders [11]. The oxygen depletion is carried out ex situ using a special post-
annealing heat treatments B and C, which were performed for undoped YBCO in partial oxygen pressure, 3
torr of O2 at 450◦C and 1 torr at 650◦C, respectively. The heating and cooling rates of 10◦C/min as well as
the treatment duration of 30 min were used for all the post-annealings. Detailed structural characterization
such as in-plane and out-of-plane crystalline texture and rocking curve analysis of YBCO and BZO was
performed using Philips X’pert Pro diﬀractometer with a Schultz texture goniometer. The superconducting
critical temperatures, Tc, were determined with ac magnetization measurements in the range of 10 – 100
K (ac field of 0.1 mT and frequency of 113 Hz). The resistivity measurements were made with a standard
four-probe method of PPMS for films patterned by the wet chemical etching with the applied dc current
 H. Huhtinen et al. /  Physics Procedia  36 ( 2012 )  503 – 507 505
 0
 2
 4
 6
 8
 10
 12
 14
 75  80  85  90  95
ρ x
x 
(μΩ
 
cm
)
T (K)
Sample A
(a)
B
Dark
Light
 0
 5
 10
 15
 20
 25
 65  70  75  80  85  90
ρ x
x 
(μΩ
 
cm
)
T (K)
Sample B
(b)
B
Dark
Light
 0
 5
 10
 15
 20
 25
 30
 60  65  70  75  80  85  90
ρ x
x 
(μΩ
 
cm
)
T (K)
Sample C
(c)
B
Dark
Light
 0
 2
 4
 6
 8
 10
 12
 14
 75  80  85  90
ρ x
x 
(μΩ
 
cm
)
T (K)
YBCO+BZO
(d)
B
Dark
Light
Fig. 2. Magnetic field dependence of the resistivities in diﬀerently post-annealed (a) - (c) and BZO-doped (d) YBCO films before
(black) and during (red) illumination. The arrows indicate increasing magnetic field of 0, 0.1, 0.5, 1, 2, 3, 4, 5, 6, 7 and 8 T.
density of ≈ 150 A/cm2 and in magnetic fields up to 8 T applied along the c-axis of the films. Photoinduced
measurements were performed with a home-made fibreoptic sample holder where the laser spot covered the
whole YBCO film. All measurements were made in the dark or with photoexcitation using a laser diode
with a line of λ = 658 nm (1.88 eV) and the total output power density of ≈ 25 mW/mm2 at the sample,
and keeping the other experimental conditions unchanged. The illumination-induced temperature rise and
therefore the sample heating is expected to be negligible and especially after calibration of the self-field
situation, the field dependence of the photoinduced eﬀect is real. Moreover, the exactly similar curves with
and without illumination in as-grown and BZO-doped samples confirm that the heating eﬀect is minimal. In
addition, the samples were surrounded by He gas in the cryostat and therefore the oxygen absorption during
illumination could be avoided.
3. Results and discussion
3.1. Structural and magnetic properties
As can be seen from the table 1, FWHM values of YBCO (005) peaks are small, very close to the
instrumental width, and the length of the c-axes are sligthly longer in post-annealed B and C, as well as
in BZO-doped films. This can be related to the oxygen deficiency and the ordered structure of strains and
dislocations, respectively. The oxygen defieciency δ, which is calculated from the intensity ratios of (005)
and (004) peaks [12], is obvious for annealing treated samples B and C, whereas for untreated samples,
I(005)/I(004) ≈ 13 indicates the optimal oxygen content of 6.9. The out-of-plane crystallographic texture
from XRD rocking curves indicates long range lattice ordering, rc = 1/π · d/lΔω, where d is the c lattice
parameter, l is the order of Bragg reflection andΔω is the full width at the half maximum of the rocking curve
[13], for both YBCO and BZO lattice in all the films. Figure 1 shows how the onset critical temperature
of as-grown films (90 K) decreases and the width of the transition broadens when the films were treated
in partial O2, indicating oxygen diﬀusion and charge transfer from conducting CuO planes to Cu-O chains
[14]. In sample C, the transition is extremely broad showing two distinctly diﬀerent phases which indicates
uneven oxygen distribution from the surface into the bulk of the film. The inset of figure 1 shows that in
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Fig. 3. Magnetic field dependence of the diﬀerence in critical temperature Tc before and during illumination ΔT lightc = T illc − T darkc for
post-annealing treated and BZO doped YBCO films.
4wt.% BZO-doped YBCO film the transition is almost as sharp as in untreated and undoped YBCO film,
but the onset temperature is ≈ 3 K lower being around 87 K.
3.2. Photodoping experiments
The ρ(T ) curves around the SC transition and especially in the thermally activated flux-flow regime for
as-grown, diﬀerently post-annealed and BZO-doped YBCO films before and during illumination are shown
in figure 2. Qualitatively, we can conclude that the annealing treatments roughly double the normal state
resistivity in all the used magnetic fields up to 8 T. This is related to the diminution or re-arrangement
of oxygen in the CuO-chain planes, indicating a hole doping that again decreases the carrier density [15].
The illumination does not show any eﬀect in undoped and BZO-doped films where optimal content of
oxygen is in the lattice (figure 2 (a) and (d)). On the other hand, in oxygen-deficient films B and C, the
normal state resistivity is slightly decreased. This behaviour is also observed earlier [7, 2, 16, 17], and
connected to oxygen-deficient samples where conductivity enhancement even several hundred per cent at
high temperatures is typical in semiconducting YBCO and related to photo-assisted oxygen ordering. In
addition, the superconducting transition is shifted to higher temperatures, especially in high magnetic fields
(figure 2 (b) and (c)).
The magnetic field dependence is investigated in detail by calculating the diﬀerence in critical temper-
ature Tc before and during illumination ΔT lightc = T illc − T darkc , where Tc is defined from the midpoint of
the transition. As can be seen from figure 3, for films A ΔT lightc is almost constant and very close to zero
with increasing magnetic field. Instead of that, for slightly oxygen-deficient film B, ΔT lightc increases lin-
early with magnetic field up to 8 T. For film C, the eﬀect of light is much more rapid, and ΔT lightc increases
exponentially being clearly decelerated around the field of 3 T (blue line). On the other hand, behaviour in
film C can also be understood with two clearly diﬀerent slopes corresponding fast excitation component up
to ≈ 0.5 T and secondly the linear slow component where ΔT lightc increases slightly above 1 T (see the black
lines shoving a linear fits of sample C data in figure 3). These two distinct phases cannot be distinguished
in the resistive transitions of figure 2 (c), but the model is supported by the two step magnetic transition
of the sample C in figure 1, where two distinguished oxygen ordering states occur. In 4wt.% BZO-doped
YBCO film, ΔT lightc is constant or even slightly decreased when B is increased (green line). Because no
impurity phases have been observed in BZO-doped YBCO, we can conclude that the most probable mech-
anism for decreased Tc without illumination is the strain eﬀect at the film-substrate interface as well as in
BZO-YBCO interface [18] and not the oxygen deficiency. BZO impurity induced stress at the interface may
partly distort the CuO planes and lead to a decreased magnetic and resisitivity transitions seen in figure 1
and 2 [18, 19]. This is also supported by the XRD results where slightly diﬀerent lattice parameters have
been observed. Secondly, the photoinduced increase of Tc in hole doped YBCO films is pronounced not
only at the zero magnetic field, but especially when external magnetic field is increased. Qualitatively, this
can be understood by the existence of diﬀerent type of photosensitive pinning centers that improves the pin-
ning properties in high magnetic fields. In Tl2Ba2CaCuO8 thin films, similar type of eﬀect is explained by
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the photoinduced vacancy capture mechanism [20], where during illumination photons create electron-hole
pairs. The electrons can be trapped in oxygen vacancies in the CuOx chain layers creating the defect center
surrounded by large lattice distortions which again can act as pinning centers for magnetic flux.
4. Conclusions
In conclusion, the influence of illumination on superconducting undoped and BZO-doped YBCO thin
films was observed. The films were prepared by pulsed laser deposition from nanograined targets and post-
annealing treated in order to produce oxygen-deficient films. To understand the role of structural changes
and oxygen non-stoichiometry in photoconductivity phenomenon, the mechanism of persistent photocon-
ductivity and photoinduced superconductivity was investigated by observing the resistivity in the thermally
activated flux-flow regime in wide applied magnetic field range. Annealing treatments are observed to in-
crease the normal state resistivity, indicating re-arrangement of oxygen and hole doping in these films. The
illumination by photons are not observed to aﬀect untreated, undoped and BZO-doped YBCO films while
in the oxygen-deficient films the superconducting transition systematically shifts to slightly higher temper-
atures having linear or even exponential increase with external magnetic field. Because BZO-doped YBCO
films are phase pure, the decreased Tc without illumination is connected to BZO-dopant induced strain eﬀect
and not to oxygen instability. The increased Tc and its magnetic field dependency in oxygen-deficient films
by illumination is qualitatively explained by the increase of the number of pinning centers for the magnetic
flux.
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